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ABSTRACT 
The objective of this research was to provide the Office of Naval 
Research (ONR) with an independent evaluation of the structural adequacy of 
Lockheed's SLICE hull design, SLICE is an offshoot of the SWATH ship 
technology, with four lower hulls instead of the SWATH's twin hulls, An advanced 
finite element code was used in the dynamic and static analysis of the SLICE's 
unique hull fonn. This thesis demonstrates the practical value of utilizing finite 
element modeling as a tool in modern ship design. 
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Design of naval vehicles has long bl;:cn an art passed down from generation to 
generation. Structural design rules of the various classification societies have evolved 
through years of operational experience. Hccau5c of the comple\ity of hydrodynamic 
loads, hull structural designs have relied heavily upon static analysis as modified by 
empirical data to account for actual dynamic conditions. Although thi5 traditional 
approach to hull design has proved to be adequate, it does not efficiently ut ilize material 
consistent with the loads and failure modes hulls need to resist. With the quantum 
increase in l:oruputing power made available during recent years, there is no longer any 
rcason no! to overhaul these traditional methods and to incorporate the latest technology 
into new ship designs. 
The basic hul! structure of a ship must be designed to resist yielding. fatigue and 
huckJing throughout its service life. A finite clement analysis of the struetun:: using 
expected hydrodynamic loading conditions allows the designer the flexibility to 
effectively vary structural member sizes (scantlings) throughout the ship, based upon the 
resultant stn:sses and stress concentrations. This dynamic approach allows an optimum 
structural weight distribution and minimizes the opportunity for structural failure. The 
limitation to such an approach is the current lack of availahle data to accurately prcoiet 
sea wave spectra throughout the life of a ship; however, this same limitation also plagues 
the traditional design approach. 
A lack of historical data makes the finite element model approach especially 
appropriate when considering radically different hui! forms as opposed 10 the 
conventional monohul!. This requirement has become increasingly evident over the past 
several decades with the growing use of the Small Waterplane Area Twin Hull (SWATH) 
ship design. This innovative hull fonn require~ new hydrodynamic pressure load cri teria 
since the existing methods developed for monuhuli ships do not apply Unlike the 
limiting longitudinal loading condition which causes hogging and sagging in mono huils, 
the primary wave loads acting on the SWATH's submerged hulls and warer piercing 
stmts are in the transverse direction. The remainder of this paper demon~tr,ltes these 
principles with a novel ship design known as the SLICE. a variant of the SWATH 
design 
B. DESCRIPTION OF THE SLICE ADVANCED TECHNOLOGY 
DEMONSTRATOR (AID) 
The SLICE Advanced Technology Demonstrator (ATD) is a unique surface ship 
hull form designed by Lockheed Missiles and Space Company (Marine Systems Division) 
and sponsored by the Office of Naval Research (ONR). The design concept for SLICE is 
an offshoot of the Small \Vaterplane Area Twin Hull (SWATH) ship technology 
developed during the past three decades. Its unique hull form consists of four submerged 
"torpedo-like" lower hulls or pods connected by means of stmts to the m<lin cross 
stmcture located above the water's surface. The forward pair of eight foot diameter hulls 
is inset by three fe et with respect to the aft pair. Figure I depicts the outboard profiles 
and principal dimensions of the SLICE AID. 
The primary advantage of the SLICFJSW A TH over conventional monohulls is its 
enhanced seakeeping ability; this is especially true in heavy seas. Buoyancy is 
predominantly provided by the fore and aft set of hulls which remain well below the 
water's surface, effectively isolating the ship from the dynamic buoyancy effects of 
waves. The ship's four water piercing struts present a much smaller waterplane area than 
a conventional monohull of similar displacement which make it less sensitive to wave 
action~. Other advantages include [Ref. 2]: 
Reduced deck wetness 
Reduced wave slamming 
Increased crew effectiveness and safety in high sca statcs 
Ability \0 maintain speed in high sea ~tates 
Figure 1, Out board Profile an SLiCEATD. from Ref. [1] d Principal Dimensions of the 
Despite its superior seakeeping ability, the SWATH ship is not without 
limitations . Because of its small waterplane area, the SWATH displays hydrostatic 
properties markedly different from a monohull's. Its typical tons-per-inch immersion 
(TPI) is 15 -3 0 percent that of a similarly displaced monohull's TPL Similarly, its 
moment-to-change trim one inch (~fTl) is 10-20 percent that of a monohu ll"s. 
Consequently, due to its increased sensitivity to weights and moments, the SWATH's 
displacement and weight distribution becomes an important factor during the preliminary 
deSign process. [Ref. 3] 
Co HYDRODY~AMIC LOADS ON SWATH SHIPS 
I. Primary Loads 
The structural configuration of SWATH ships is strongly influenced by the 
hydrodynamic forces of waves. The passage of waves creates a variable pressure 
distribution that is generally different on its twin hulls (or the four hulls of a SLICE). A 
typical pressure di.~tribution reSUlting from beam seas is shown in Figure 2. The resultant 
forces from these waves are maximum in beam seas, approximately 50-60 percent of 
maximum in bow or quartering seas, and small in head and following seas. These forces 
which alternately pry the hulls apart and squeeze them together are the primary hull girder 
loads for SWATH ships. The magnitude of the altemating transverse side forces 
generated varies with the seas encountered and hull fonn selected; however, 
measurements and model tests have shown that they are comparable in size to the 
displacement of the ship. [Ref. 3] 
Due to a phenomenon known as shear lag, the transverse bulkheads and adjacent 
shell plating must absorb most of the shear and bending moments caused by the primary 
loads. Since the shell plating between the bulkheads is much more flexible {han the 
transverse bulkheads in the athwartships direction, it provides little resistance to the 
wave Induced forces. Consequently. the placement and configuration 01 transverse 
bulkheads becomes a cntlcal factor in the design of SWATH ships. [Ref. 3J 
Figure 2. Primary Load Pressure Distribution in Beam Seas, from Ref. [3] 
2. Secondary Loads 
The principal types of secondary loads a SWATH ship encounters are wet deck 
slamming and strut side slamming. Slam pressure loads are local in nature and occur at 
all locations on the wet deck; however, they are generally most severe at the ends due to 
the ship' s pi tch motion. Prediction of strut side slamming is difficult due to complex.ity 
of flow near the hull. Very little data has been collected to date concerning slam 
pressures on SWATH ships which make this adifficuit area to analyze. [Ref. 3] 
D. SCOPE OF RESEARCH 
This thesis doc uments the method used in the development of the finite element 
based representation of the SLICE ATD hull. An advanced finite clement code called 
I-DEAS (integrated Design Engineering Analysis Software) developed by Stntctural 
Dynamics Research Corporation is utilized as a design tool for the analysis. The software 
is used to solve for the nonnal modes of oscillation as well as the linear static response of 
the SLICE ATD finite element model. Subsequent chapters will discuss the theory 
behind finite element modeling, model development and design decisions. analysis 
resul ts. conclusions and suggestions for further research. 
II. FINITE ELEMENT MODELING 
A. BASIC DESCRIPTION 
finite I::lemcnt Analysis (FEA) is a numerical process used to approximate 
displacements and stresses within a structure. The method involves dividing a complex 
structure into a grid of discrete elements. Each element comi~ls of a simple polygon for 
which the fi nite element program assembles a scI of governing equations in the form of 
stiffness and mass matrices. The unknowns for each element consist of the displacements 
at the "nodes" or points at which the elements are (.:onnccted together. There will be one 
equilibrium equation written for each nodal degree of freedom; Equation (1) illustrates 
the equations of motion fo r a dynamic system in matrix form. Given the known forces, 
structure stiffness, ~tructure mass, vi~cous damping and boundary condi tio n~, the 
equations of motion ean be solved to yield the displacement at the nodes. The stre~ses in 
each element can then be calculated from the nodal displacements. [Ref 4] 
[MII4I + [C](ql +[KlIql = [FI (1) 
where [M]: mass matrix, [C]== viscous damping matrix, IKl= sti ffness matrix. 
[ql= generalized nodal displ acement vector, [41= generaliZed nodal veloci ty vector. 
(ij): generalized nodal acceleration vector. and (Fl : nodal force vector. 
Fini te Element Modeling (FEM) is the process of creating a structure through the 
use of these nodes and elements. The finite element model is a mathematical 
representation of a structure and may not necessarily look like the actual structure 
Differenttypcs of e lements are used to model the various parts or the structure including 
thin shell, beam, solid, rigid and lumped mass elements. The accuracy of the results 
will depend upon the proper selection and combination of these element types . 
Additionally, the assumptions made for loads, boundary conditions, and material 
properties significantly affect the accuracy of the solution. In general. the solution wil l 
be more ~ccurate as the model is subdivided into smaller elements; however, solution 
accuracy docs not come without a price. The price you must pay comes in the Corm of 
increased computet processing time and data storage requirements which often don't 
justify the need for an incremental increase in ~ccuracy. The art of finite element 
modeling is. therefore, to discretize the structure into an appropriate number of finite 
elements to provide adequate accuracy without using an excessive number of elements. [t 
is up to the modeler to apply sound engineering judgement when selecting element types, 
material properties. loads, and boundary conditions in order to gain useful insight into 
the response of a complex structure. 
B. OVERVIEW OF FINITE ELEMENT MODELING USING I_DEASTM 
I-OEAS ™ (Integrated Design Engineering Analysis Software) is an integrated 
package of mechanical engineering software tools used for solid modeling, drafting, and 
tinite element simulation. FEM llsing I-DEAS is an iterative process with three main 
stages [Ref5]: 
Pre-processing includes developing the model geometry, assigning physical 
and material properties, applying loads and boundary conditions, and 
checking the model quality. 
Solving the model is done in the I-OEAS Model Solution Task. [-OE1\S 
Model Solution can perform linear and non-linear statics, dynamics, and 
buckling analysis. The model infonn~tion can also be exported to several 
popular external finite element solvers for analysis. 
Post-processing involves plotting deflections and stresses, and comparing the 
results to predetermined failure criteria. J-DEAS shows the results in different 
display formats- defonned geometry, contour plots, and others- to give 
insight into how to . improve the design. Post-processing also allows the 
engineer to check for errors which may not have been detected during the 
model building procc$s. 
Figure (3) represents the sequential steps required to complete the FEM process using 
T-DEAS. Details on the pre-processing stage are included in Chapter III . Details on 
solving and post-processing the model are discussed in the follov.ring section. 
PRE-PROCESSING, 
Figure 3. The FEM Process. after Ref [51 
C. i\lODEL SOLUTION 
Thc I"DEAS Model Solution Task is an integrated finitc clement structural 
analysis solver which can be used for both dynamic and lincar static analysis. Both of 
thcsc analysis techniques providc valuable insight into the response of complex: 
structures 
1. Normal Mode Analysis 
Normal .\1ode analysis is a technique for predicting the undamped natural 
fre qucncies and mode shapes of vibration for a structure. Mode shapes and natural 
frequencies can be used to identify transient load points and frequencies which may 
generate undesirably large structural responses to dynamic inputs. The response of 
structures can often be assumed to be a combination of the mode shapes corresponding to 
the lowest natural frcquencies. [Ref 6] 
In the absence of damping and external forces for a multi-degree-of-frecdom 
system, the equations of motion reduce to: 
[M]{q}+[KlIq) = [0) (2) 
The solution to this set of second-order differential equations is not an easy task, even 
when the equations are linear with constant coefficients. This is because the equations 
are dependent upon one another through coupling terms and must be sulved 
simultaneously. The equations of motion are typically coupled through stiffness or mass 
terms, known as elastic and inertial coupling, respectively. By transforming the physical 
coordinate system to one which diagonalizes the sti ffness and mass matrices 
simultaneuusly, the equations of motion can be uncoupled both elastically and inertially 
Such coordinate systems do exist and are known a~ natural coordinates. The process of 
diagonolizing the matrices is sometimes referred to as modal decomposition. Once the 
diagonai ized matrices arc obtained, the solution becomes one o f sol ving for n 
independent homogeneous equations, where n is the number of degrees of 
freedom (DOF) for the system. The general motion of an undamped linear system can 
then be represented as a linear combination of its natural modes of vibration. [Ref 71 
The I-OEAS Model Solut ion Task has three different algorithms available to 
solve for natural frequ enc ies and modI: shapes. These afC: Simultaneous Vector 
lteration (SVT), Guyan Redlh.:tion, and the Lanczos rnethod. All three methods use some 
form of modal decomposition to obtain the results. The SV[ method was chosen for use 
in this thesis due to its efficiency when working with a large DOF system. [Ref 5] 
2. Linear Static Analysis 
The more traditional approach to finite element analysis is through the use of 
linear statics. Linear statics is a technique used to predict the displacement of a structure 
when a static load is applied within the elastil: range of the structu re's material properties. 
It uses the principle of virtual work to equate the virtual work of external forces and 
moments to the virtual work of internal stresses. Once the nodal displacement of the 
finite element model is known, other important parameters such as stress can be 
l:alculated. The equations of motion in matrix form for linear statics are simply: 
(3) 
Again, the number of equations corresponds to the number of DOF for the 
system. [Ref6] 
To obtain reasonable results for a lincar static analysis, proper houndary 
conditions must be applied to the structure. A boundary condition set consists of both 
restraints and loads. Improperly restraining a structure can lead to misleading and 
erroneous results. A model must be restrained against all six rigid body modes (three 
translations and three rotations). If rigid body motion is a possibility in a structure (as in 
a ship or other vehicle). if 1St be restraint:d lIsing kin~matic degrees of freedom. 
Kinematic degrees of freedom act to restrain a vehicle in space when no physical 
restraints I;.':xist. rRef 41 
Finally . the results of the [Jormal mode analysis can be lISl;.':d to help identify 
probable limiting load cases for use in a linear static analysis. External forces may he 
obtained fro m existing data bases such as data ohtained from model or full scale tests of 
similar structures. 
D. POST·PROCESSING 
Post-processing is the visual display and interpretation of data from the model 
solution stage. Two of the most valuable displays available within I-DEAS are the 
contour plot and the deformed geometry plot. COIltour plots display the distributiun of 
results using contour lines and bands of color representing the data. This is especially 
useful when evaluating the stress distribution in a structure. Deformed geometry plots 
display the model in its deformed condition, i.e., as if the displacements were bending 
the model. Because most deformations arc small compared to the size of the model. the 
displayed deformations are magnified hy a scaling fac tor to allow for meaningful 
interpretation of data. [Ref 5] 
Another useful featur,e of I-DEAS is its ability to animate the results. Animation 
gives the illusion of motion to the deformed geometry by succcsively stepping through a 
series of frames, starting with the undeformed geometry and ending with the 100% 
deformed configuration. This provides valuable insight when evaluating the mode shapes 
of a structure. [Ref 5] 
III. MODEL DEVELOPMENT 
The purpose of (his chapter is to describe the development of the SLICE i\TD 
fini te element model used for this study. The important design decisions and engineering 
simplifications used during construction of the model wil l be discussed. The finite 
e lement model of the SLICE hull was created by us ing Lockheed's dctailed design 
drawings as a reference. Figure 4 shows the profile and main deck view from these 
drawings. Figure 5 shows similar views of the completed SLICE finite e lement model for 
comparison. An isometric view of the completed model is illustrated in Figure 6. 
A. PHYSICAL AND MATERIAL PROPERTIES 
Before creating elements, the physical and material properties of the dements 
must be defined. Physical properties are the geometric properties of an element. The 
only physical property varied for this model was the element thickncss. which varied 
from 0.09 inchcs for the non-tight (NT) floors to 0.75 inches fo r the main transverse 
beams. 
Material properties are those properties which are unique to a specific material 
They includc Young's Modulus, yie ld strength. Poisson's ratio, and material density 
The hull structure of the SLICE is to be constructed from 5083-H32 Aluminum for plates 
and S083- H! 12 Aluminum for shapes. Matcrial properties are listed below in Table 1. 
Material Type 508) H)2 5083-H112 
Elastic Modulus !D.3:< 10 psi 10.3);: 10 psi 
Yicld Strength (min) 31.000 psi 24,000 psi 
Poisson's Ratio 0.33 0.33 
Dens ity 096 lbmJin .096 Ibm/in 
Table I. Material Properties of 5083 Aluminum, from Ref [8J 
Figure 4. Structural Arrangement of the SLICE. from Ref [9] 
OVerhead Vi ew (with Hidden Lines Shown) 
Profile (without Hidden Lines) 
Figure 5 Finite Element :Vlodel of th!': SLICE 
Figure 6. Isometric View of the SLICE Model 
8 . . VIESH GE~'ERATION Of THE SLICE 
l. i\'ode and Element Creation 
Each r.ode is a point located in 3D spacc where elemcnts are conr:ectcd. loads are 
applied, and restraints are imposed. Each node has up to six degrees of freedom, 
depending on the type of element used. Nodes are located such that the geometry of the 
model approximates that of the actual structure. Nodes for the SLICE model were 
generated manually by kcying in their coordinates or by copying and retlecting existing 
nodes. Each transverse frame (see Figure 4) of the SLICE was modeled as a set of 
nodes. [Hef 4] 
Prior to generating any elements, the decision was made to construct the hasic 
hull forro from thin shell linear quadrilateral and triangular clements . Thin shell elements 
can be used to accurately represent a structure whose thickness is small with respect to its 
other dimensions. No one element type is best for all situations; however, thin shell 
elements most closely model the response of stiffened hull plating. Although cubic and 
parabolic elements provide more accuracy than linear elements, the small gain in 
solution accuracy was not deemed m::eessary for this study. Linear elements have two 
nodes along each edge, parabolic have three, and cubic have four. [Ref 4] 
Once the nooes are generated, the elements can be created. Each element is 
created by sequentially selecting a set of three or four nodes; i,e., three nodes for a 
triangle or four nodes for a quadrilateral. Adjacent clements share a pair of common 
nodes; thereby forming a "grid" or "mesh" of elements representing the components of 
the actual structure. 
Once the basic hull forro was completed, lumped masses were added to the model 
10 account for nonstructural mass components not represented by the thin shell elements. 
These include the propulsion plant, the payload structure, the deck house. the auxiliary 
machinery, and fuel oil. The Appt:lI(iix contains a summary of the SLICE ATD weight 
di .~tribution. Thc lumped masses were connected to the thin shell clements through a 
network of rigid el ements. Rigid elements are massless. infinitely stiff memlxrs used to 
distribute the mass load ing of the lumped masses 
In summary. the SLICE ATD fin ite ekment model contains 10.262 nodes. 
11.562 linear thin shell elements, 456 rigid elements, and 23 lumped mass elements . 
The mode l has 58,875 degrees of freedom. 
2. Model Components 
a. Transverse Bulkheads 
The transverse bulkheads provide the main structural strength for the 
SLICE. The SLICE contains mUltiple transverse bulkheads: however, only two 
bulkheads provide its primary load carrying capacity. These primary bulkheads are 
referred to as the forv ... ard and aft" spars which are located at frames 6 and 35, 
respect ively (see Figure 4). The SLICE incorporates a unique design in the construction 
of these two bulkheads, henceforth referred to as the forv. .. ard and aft spars. Each spar 
employs use of a tapered I-beam which is curved by 90 degrees as shown in Figure 5 
The flange thickness of the curved beam is 0.75 inches. Its web thickness varies from 
0.50 inches at the curve or haunch area to 0.25 inches at the ship centerline and strut. 
The longitudinal girder shown in Figure 4 has a flange and web th ickness of 0.25 inches. 
The model's thin shell element thickness was varied to reflect these dimensions. 
b, Stiffened Hull Plo.ting 
The hull plating was modeled using 0.25 inch thin shell elements. The plating is 
strengthened through the use of both transverse and longitudinal stiffeners. To minimize 
the degrees of freedom of the model, the smaller stiffeners' cross sections (i.e., those 
with a depth of 6 inches or less) were idealized as a wedge shape vice the typical Tee 
figure 
Forv.'ard Spar Del<lil 
rv Transverse Bulkheads SLICE's Prima 
shape. This was done hy matl.:hing the moment of inertia (in the uirel.:tion of bcnc:ng) 
r.nd the center of gravity of the wedge to that of the corresponding Tee. Figure (ll) 
illustrates this concept. A lypical section of stiffened hull plating is shown in Figure (9) 
Tee Cross-Section 






Equivalent WedO"e Cross-Section 
Figure 8. Idealization afTee Shaped Stiffeners 
Figure 9. Stiffened Hull Plating of Forward .'<lain Deck 
C. J\IESI-I QUALITY CHECKS 
I-DEAS contains several mesh quality checks to help identify modeling errors. 
Typical errors which can be checked include element connectivity problems. highly 
distorted elements. and duplicate nodes or elements. [Ref 4J 
The free edge check plots the free edge of elements which are not connected to 
other elements. Normally, this plots on ly the outer boundary of the model; however. if 
clements arc not properly Joined. an eJltra line will appear when conducting this check . 
This represents a "crack" or flaw in the model. [Ref 4] 
A second useful check is the element distortion check. In finite element 
modeling. a "perfect"' element is represented by a square or equilateral triangle. Any 
deviation from this ideal condition results in a distorted element. flighly distorted 
dement~ should be avoided, especially in important areas SUC1 as hlgh stres~ 
locations. rRef 41 
Finally, T-DEAS can. check for coincident nodes and elements. This feature is 
especially important when building large or complex models. Having duplicate nodes or 
elements can produce erroneous data or cause the finite clement program to fail. 
o. BOUNDARY CONDITIONS 
Prior to solving the finite element model, boundary conditions must be applied. 
Boundary conditions can consist of both restraints and structural loads. For the Xonnal 
Mode Analysis, only restraints are used. Even if a model has rigid body motion, it must 
he held in space hy restraints so that it is not free to move in any directioo. Restraints are 
applied at individual nodes and can have up to six values at each node, three translations 
and three rotations. In the ca~e of the SLICE, six rigid hody modes are possihle: 
therefore, the model must be immobilized by a minimum of six restraints referred to a;; 
kinematic degrees of freedom. A total of nine translations were selected at three separate 
nodes to ensure the model was sufficiently restrained. [Ref 4] 
For the Linear Static Analysis, structural loads are required in addition to the 
restraints. For the SLICE model, structural loads include gravitational forces, buoyancy 
forces and hydrodynamic loads due to waves. Gravitational forces arc distrihuted 
throughout the model and vary depending upon the individual mass of each element. 
Buoyancy forces are distributed around each of the four submerged hulls at nodes which 
are dose to the ship's center of buoyancy. 
By far the most complex forces to simulate are those due to the sea. One useful 
method available to predict the maximum lifetime load for SWATH ~hips i~ presented in 
references Ill] and 112]. This method develops a design side loar.! algorithm which 
predicts the single maximum ~ide force a SWATH ship would experience during a 
20 yeM lifetim.; in rh.; North Atiatltic Ocean. A SUlTlmary of rhe algorithm developed in 
refere rKes f ll ] and fl 21 is prese nted here. The units of dIspl acement are LIons ann the 
lengths a rc in norm;ll ized :.rnits of feet d ivided by tbe cux root of 
displacement (FeeuLtons 1i:l ) 
F=: DTLA 
where F", Ma;.;imum Li fet ime Side Load (LIons) 
A =: Displacement (Ltons) 
o =: Size Factor", 4.474 - 0.9 13*Log(A) 
L =: Length Factor'" 0.75 + 0.3 S"'tanh(0.5"'Ls 6) 
where Ls '" Strut Length (FeeuLton '/J) 
(4) 
[for tandem strut vessels, L5 is Ihe sum of the forward and aft strut lengthsJ 
T =: Draft Factor =: 0.53 [9*Draft (FeetlLton 1il ) 
Inputting tht appropria\t SLICE paramders into Equat ion (4) yields a maximum 
lifdime side force of approximately 280 Ltons. Thi~ ~ide load is overestimated fo r small 
SWATH ships that are res tricted to coastal operations beeau~e of the assumption of a 
ma;.; imum wave height of 50 feet used to derive the algorithm [Ref 3]. A reduced initial 
estimate of a 200 Lton side force was used for this study; however. furth er analysis 
needs to be performed to refine th is value. 
Another finite element study determined that the variations in side load 
distribution had relatively little effect upon Ihe stresses in SWATH structures [Ref 13]. 
Variations in the loading redistributed them~elves throughout the structure [Ref 13]. The 
distribution of side forces and buoyancy forces chosen for the current study is illustrated 
using the aft starboard hul l in Figure 10. A trapezoidal side fo rce dist ribution was 
assumed with the resultant force eetltered about the mid-draft level. 
Figure 10. Typical Distribution of Side Forces and Buoyancy Forces 
(Note: Arrows represent direction and not magnitude) 
IV. DISCUSSION OF RESULTS 
A. NORMAL MODE ANALYSIS 
The SLICE model'S first fOUf f1exiblc modes were solved us ing the Simultaneous 
Vector Iteration (SVI) method of I·DEAS' Model Solution Task. The mode shapes were 
evaluated in the Post-Processing Task using I-DEAS' animation feature. A brief 
description of each is provided here. 
I. First Mode 
Thl: first mode occurs at a natural frequency of 4.7 Hz and exhibits the classical 
squeezing and prying motion expected of SWATH ships. The forwan.! and aft pods are in 
phase with each other throughout the cycle. The forward pods also exhibit a torsional 
response during the cycle. Figure 11 shows the deformed geometry p lot of this mode 
shape during the pry l:ycle. 
2. Second Mode 
The second mode occur~ at a natural frequency of 5. \ Hz with the aft pods 
displaying a squeezing and prying molion. The forward pods exhibit a "racking" motion 
in which the two pods travel in the same direction. The forward pods travel to starboard 
during the afl pod's pry !.:ycle and travel ta port during the squeeze cycle. Once again. a 
twisting motion is observed on the forward pods. Fi gure 12 shows this mode shape 
eluring the aft pod's pry cycle. 
3. Third Mode 
The third mode is very similar to the second mode and occurs at a natural 
frequency of S.5 Hz. The main difference bctween the two modes is that the racking 
motion of the fo rward pods moves to port during the pry cycle and to sl<lrboard during the 
squee7.e cycle. Figure 13 displays this mode shape during the pry cycle. 
4. Fourth Mode 
rhe fourth mode has a natural frequcm;y of 6. 1 Hz and displays thc classical 
longitudinal bending response of a monohull. There is no pod torsion as observed with 
the previous modes. Figure 14 illustrates this mode shape. 
B. LINEAR STATIC ANALYSIS 
A linear static analysis was conducted on the model based upon the results 
obtained during the normal mode analysis. Three load cases were considered using a 
200 Lton side load superimposed with a 168 Lton buoyancy force and a 168 Lton 
gravitational force. The 200 Lton side force was divided equally between the forward and 
aft pods. The three load cases evaluated were: 
(I) Prying force applied to the forward and aft pods. 
(2) Squeezing force applied to forward and aft pods, and 
(3) Racking force applied to the forward and prying forc e applied to the aft pods. 
I. Load Case One (Prying Force) 
Figurc IS displays the Von Mises stress contour plot for the SLICE's extcrnal 
skin. Thc units of stress are expre.~scd in pounds force per squarc foot (lbflft2) on the 
>-
Figure 11. Deformed Geometry Plot of First Mode (4.7 Hz) 
-< 
Figur~ 12. Ddorm~d Geometry Plot of Second Mode (5.1 Hz) 
>-
Figure 13. Defanned Geometry Plot of Third Mode (5.5 Hz) 
Figure 14. Deformed Geometry Plot of Fourth Mode (6.1 Hz) 
color har. Due to shear lag, the transverse bulkheads and adjacent shell plating absorb 
most of the shear and bending moments caused by the loads. The stress contour plot for 
the tranverse bu!klleads is shown in Figure 16. The forward and aft spars wt:re designed 
to carry most of the primary load: and that is in fact what occurs. The forward and aft 
spar stress contour plots arc presented in Figures 17 and 18, respectively. It is interes ting 
to note that the high stress area~ are predominately in the struts and not in the haunch 
area (as in previous SWATH designs). This can be attributed to the unique design of the 
spars. The curved I-beam reduces stress concentrations and is also strengthened by using 
a 0.50 ineh.web thickness in the haunch area. Because the struts only have a 0.25 inch 
web thickness, the stress is higher in that region. The stress in the strut region ( .. 21 ksi) 
comes dangt:fOusly clost: to the matrerial's yie ld stress (24 ksi). 
2. Load Case Two (Squeezing Force) 
The results for the squeeze cycle are very similar to the pry cycle. The Von Mises 
stress contour plots are prt:sented in Figures 19 through 22. Once again, the struts of the 
forward and aft spars are the limiting stress regions with a maximum slress of 
approximately 2 L ksi . 
3. Load Case Three (Racking Force .'orwardlPrying Force Aft) 
This unique loading condition places a torsional moment along the SLICE's 
starboard Longirudinal gjrder. As shown in Figures 23 and 24, the aft starhoard pod and 
adjacent transverse bulkheads absorb most of the shear and bt:nding moments. As 
observed from Figures 25 and 26, the stress in the aft spar is appro:dmately twice the 
ma!,,'Tlirude of the forward spar. The limiting stress for this loading condition is in the aft 
spar's strut with a maximum value of approximately 24 ksi 







Figure 16. VOli :\1iscs Stl-GS;; Contour Plot of Transverse Bulkheads [Prying Fo[(;e) 

Figure 17. Von Miscs Stress Contour Plot of Forward Spar (Prying Force) 

- - - --- - - - - - ----
Figure 18. Von Mises Stres~ Contour Plot of Aft Spar (Prying Force) 
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Fjgur~ 21. Von Mises Stress Contour Plot of Forward Spar (Squeezing Force) 

Figure 22 Von Mise~ Stress Contour Plot of Aft Spar (Squeezing force) 

Figurc 23 . Von MisC5 Stress Contour Plot of Entjrc Ship 
(Racking Force Forward/Prying Force) 

Figure 24 Von Miscs Suess Contour Plot of Transverse Bulkheads 
(Racking Force FOlwardIPrying Force Aft) 

Figure 25. Von Miscs Stress Contour Plot of Forward Spar 
(Racking fore!: Forward/Prying Force Aft) 

Figure 26. Von Mises Stress Contour Plot of Aft Spar 
(Rllcking Force Forward/Prying Force Aft) 

v. RECOMMENDATIONS AND CONCL[;SIONS 
A. RECO,"tMENDATIONS 
Based upon the results of the nonnal mode and linear static analysis of the SLlCE 
finite element model, the fol lowing recommendations and suggestions for continued 
research are presented: 
The SI JCE prototype's lower strut web thicknt:ss ~hould be increased to 
0.50 incht:s. Thi~ will provide an increased margin of safety with minimal 
weight increa.~e . 
The analysis showed that the primary loads were effectively transmitted to the 
forward and aft spar as intended. The finite element model should be refined 
10 pruvide a finer mesh in these high stress areas prior to conducting a more 
detailed analysis 
Further research is required to define realistic hydrodynamic loading criteria. 
This is required for both primary and secondary loads. 
Using the expected hydrodymamic force~, evaluate the dynamic stresses 
imposed upon the SLICE structure with a solver such as the I-DEAS Forced 
Model Response function. 
Finally. when operational, instrument the SLICE prototype vessel to validate 
the results of the finite clement model. 
B. CONCLUSIONS 
Structural design of SWATIUSUCE ships is a complex, iterative process. The 
intent of this thesis was to demonstrate the value uf using a finite element model as a tool 
in the design process. In the process of conducting the thesis, it was discovered that the 
must difficult :lIld often confUsing part of finite element modeling is the proper 
application of boundary conditions . .'fo matter how well one models a structun:. without 
accurate represcntation of forces and restraints. the results are n01 rcliable. With the 
processing capability of today's computers, there is no reason to oversimplify these 
sometimes comple" forces . Therdorc. ship designcrs should seck to conduct further 
research into applying various realistic dynamic loading conditions which a ship may 
e"pericnce throughout its lifetime . Only then will designers be able to thoroughly and 
accurately evaluate design alternatives 
> 
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